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Late embryogenesis abundant (LEA) proteins are members of a large group of hydrophilic, glycine-rich proteins found in
plants, algae, fungi, and bacteria known collectively as hydrophilins that are preferentially expressed in response to
dehydration or hyperosmotic stress. Group 2 LEA (dehydrins or responsive to abscisic acid) proteins are postulated to
stabilize macromolecules against damage by freezing, dehydration, ionic, or osmotic stress. However, the structural and
physicochemical properties of group 2 LEA proteins that account for such functions remain unknown. We have analyzed
the structural properties of a recombinant form of a soybean (Glycine max) group 2 LEA (rGmDHN1). Differential scanning
calorimetry of purified rGmDHN1 demonstrated that the protein does not display a cooperative unfolding transition upon
heating. Ultraviolet absorption and circular dichroism spectroscopy revealed that the protein is in a largely hydrated and
unstructured conformation in solution. However, ultraviolet absorption and circular dichroism measurements collected at
different temperatures showed that the protein exists in equilibrium between two extended conformational states: unor-
dered and left-handed extended helical or poly (l-proline)-type II structures. It is estimated that 27% of the residues of
rGmDHN1 adopt or poly (l-proline)-type II-like helical conformation at 12°C. The content of extended helix gradually
decreases to 15% as the temperature is increased to 80°C. Studies of the conformation of the protein in solution in the
presence of liposomes, trifluoroethanol, and sodium dodecyl sulfate indicated that rGmDHN1 has a very low intrinsic ability
to adopt �-helical structure and to interact with phospholipid bilayers through amphipathic �-helices. The ability of the
protein to remain in a highly extended conformation at low temperatures could constitute the basis of the functional role of
GmDHN1 in the prevention of freezing, desiccation, ionic, or osmotic stress-related damage to macromolecular structures.

Group 2 LEA proteins or dehydrins or responsive
to abscisic acid (RAB) proteins were originally iden-
tified as the “D-11” family of LEA proteins in devel-
oping cotton (Gossypium hirsutum) embryos (Baker et
al., 1988; Dure et al., 1989; Hughes and Galau, 1989).
Dehydrins appear to be ubiquitously expressed in
gymnosperms (Jarvis et al., 1996; Richard et al., 2000)
and angiosperms (Campbell and Close, 1997; Close,
1997). Immunological surveys have also detected
dehydrin-related proteins in algae, yeast, and cya-
nobacteria (Close and Lammers, 1993; Campbell and
Close, 1997; Close, 1997; Li et al., 1998; Mtwisha et al.,
1998). Group 2 LEA proteins form a subset of evolu-

tionarily conserved Gly-rich, hydrophilic proteins as-
sociated with adaptation to hyperosmotic conditions
(Garay-Arroyo et al., 2000). Dehydrins are induced
typically in maturing seeds or vegetative tissues fol-
lowing salinity, dehydration, cold, or freezing stress
or abscisic acid (ABA) treatment (Close, 1996, 1997;
Campbell and Close, 1997). Numerous studies have
reported a positive correlation between the accumu-
lation of group 2 LEA transcripts or proteins and cold
acclimation, chilling or freezing, drought, and salin-
ity tolerance (Houde et al., 1995; Sarhan et al., 1997;
Whitsitt et al., 1997; Cellier et al., 1998; Danyluk et al.,
1998; Ismail et al., 1997, 1999b; Borovskii et al., 2000,
2002; Tabaei-Aghdaei et al., 2000; Zhu et al., 2000). In
addition, dehydrins show association with several
quantitative trait loci intervals associated with adap-
tive traits such as winter hardiness and retention of
yield under drought stress (for review, see Campbell
and Close, 1997; Choi et al., 1999).

Selected dehydrins are induced preferentially by
specific stresses, whereas others are constitutively
expressed (Bravo et al., 1999; Nylander et al., 2001).
Some dehydrins exhibit distinct tissue- and cell-type-
specific expression patterns in unstressed plants. Af-
ter stress, the expression patterns of some dehydrins
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become more generalized (Egerton-Warburton et al.,
1997; Nylander et al., 2001). For many group 2 LEA
proteins, the highest accumulation is observed
within vascular tissues (Godoy et al., 1994; Houde et
al., 1995; Danyluk et al., 1998; Bravo et al., 1999;
Nylander et al., 2001). Others exhibit cellular local-
ization patterns to specific cell types (e.g. pollen sacs,
guard cells, and root meristems), suggesting that
these proteins may act as regulators of osmotic po-
tential by functioning as water attractants in cells that
experience conditions of high osmolarity (Nylander
et al., 2001). Dehydrins have been found to localize to
the nucleus, cytoplasm, plasma membrane, mito-
chondria, or vacuole (Sarhan et al., 1997; Danyluk et
al., 1998; Borovskii et al., 2000, 2002; Heyen et al.,
2002). Dehydrins have been hypothesized to confer
dehydration and/or freezing tolerance by stabilizing
proteins and membranes through detergent or re-
verse chaperone activities (Close, 1996, 1997; Ismail
et al., 1999a). A dehydrin-like protein from castor
bean (Ricinus communis) was recently found to func-
tion as an iron transport protein that is thought to
facilitate phloem-mediated long-distance transport of
micronutrients (Krüger et al., 2002). A vacuole-
associated, calcium-binding, dehydrin-related pro-
tein from celery (Apium graveolens) binds 100-fold
more calcium when phosphorylated and may func-
tion as a calcium buffer or as a calcium-dependent
chaperone (Heyen et al., 2002). Metal binding by
dehydrins is consistent with the ability to purify such
proteins by metal ion affinity chromatography
(Svensson et al., 2000).

Group 2 LEA proteins are generally highly hydro-
philic, lack Trp and most often Cys residues, and
contain a high proportion of charged and polar
amino acids and a low proportion of nonpolar, hy-
drophobic residues. This polar/charged amino acid
compositional bias explains the high temperature sol-
ubility of this and other dehydrins. Dehydrins are
distinguished from other LEA proteins by a highly
conserved Lys-rich 15-amino acid sequence motif
(consensus � EKKGIMDKIKEKLPG) referred to as
the K segment (Close, 1996, 1997; Campbell and
Close, 1997; Cuming, 1999). K segments are usually
located in the C terminus and maybe repeated one to
11 times. In addition, the majority of group 2 LEA
proteins contain another conserved sequence (con-
sensus � V/TDE/QYGNP) or Y segment located in
the N terminus. Many dehydrins also contain Ser
tract repeats (S segment) that can undergo phosphor-
ylation and are thought to participate in nuclear lo-
calization (Goday et al., 1994; Godoy et al., 1994). K
segments are predicted to form class A amphipathic
�-helices (Dure, 1993; Close, 1996). The presence of
amphipathic helices suggests that group 2 LEA pro-
teins might act as an interface between with hydro-
phobic surfaces of membrane phospholipids and the
cytosol in plant cells. Furthermore, dehydrins might
also interact with exposed hydrophobic surfaces of

partially denatured proteins to prevent protein-
protein aggregation under conditions of low proto-
plasmic water activity arising from dehydration or
freezing stress conditions (Close, 1996, 1997; Camp-
bell and Close, 1997). The majority of dehydrin
polypeptides are composed of domains rich in Gly
and polar amino acids (�-segments) that are inter-
spersed typically between K segments. These highly
polar, hydrophilic �-segments have been proposed
to interact with hydrophobic surfaces of cytoplasmic
or nuclear macromolecules to prevent their coagula-
tion (Campbell and Close, 1997).

Despite the many predicted roles of group 2 LEA
proteins, few in vitro functional analyses have been
reported. Purified maize (Zea mays) G50 dehydrin
reportedly has potent cryoprotective activity, espe-
cially in the presence of compatible solutes (Close,
1996). In addition, group 2 LEA proteins have shown
positive enzyme (LDH) cryoprotective effects in vitro
(Kazuoka and Oeda, 1994; Houde et al., 1995). An
Arabidopsis LEA-like protein (COR15a) was also
shown to reduce freeze damage to the inner mem-
branes of the chloroplast envelope (Steponkus et al.,
1998). Furthermore, the overexpression of a tomato
(Lycopersicon esculentum) group 2 LEA protein (le4) in
yeast can partially ameliorate the detrimental effects
of ionic and freezing stress (Zhang et al., 2000).

Biochemical or physiochemical evidence for the
proposed protective mechanisms of group 2 LEA
proteins remains limited. Circular dichroism (CD)
analyses of a purified G50 dehydrin from maize ker-
nels showed approximately 75% random and 15%
�-helical conformation consistent with structural pre-
diction programs (Ceccardi et al., 1994). NMR spec-
tral analysis studies of purified, recombinant
dehydrin-related LEA (DSP16) from Craterostigma
plantagineum suggests that DSP16 forms a highly mo-
bile unordered conformation in equilibrium with
preferentially extended substructures having differ-
ent conformational states (Lisse et al., 1996). This
largely unfolded structure lacks a well-defined three-
dimensional structure with folded hydrophobic re-
gions. Far-UV CD spectra indicated the presence of
some �-helical content that was enhanced by the
presence of the structure-making cosolvent, trifluoro-
ethanol (TFE). A 35-kD dehydrin isolated from cow-
pea (Vigna unguiculata) similarly adopted greater
�-helical structure in the presence of SDS (Ismail et
al., 1999a). In addition, both the maize G50 and cow-
pea 35-kD LEA proteins exhibit significant hydro-
phobic characteristics as shown by their interaction
with hydrophobic-interaction chromatography col-
umns used in their purification and putative interac-
tion with copurifying proteins (Ceccardi et al., 1994;
Ismail et al., 1999). Such in vitro hydrophobic inter-
actions are postulated to be mediated by amphi-
pathic �-helical structures formed by K segments,
which may form the basis of group 2 LEA proteins
ability stabilize protein or membrane structures in
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freezing or desiccating tissues (Close, 1997; Ismail et
al., 1999a). More detailed structural examination of
group 2 LEA proteins is necessary to fully explain
their functional roles in vivo. To this end, we have
analyzed the structural properties of a recombinant
group 2 LEA protein from soybean (Glycine max;
rGmDHN1) using differential scanning calorimetry
(DSC) and UV absorption and CD spectroscopy as a
function of temperature and in the presence of deter-
gent, TFE, and phospholipid bilayers.

RESULTS

Overexpression and Purification of rGmDhn1

To study the structural and physicochemical char-
acteristics of a group 2 LEA protein from soybean,
large (milligram) quantities of the recombinant pro-
tein (rGmDHN1) were produced and purified from
Escherichia coli. The soybean Dhn1 cDNA encodes a
protein with a predicted amino acid sequence identi-
cal to the maturation-associated protein 9 (MAT9;
GenBank accession no. M94012) isolated from soybean
seeds (Chyan and Kriz, 1992). Affinity tag sequences
were removed from the pET30a expression vector to
express the native protein. From total cell lysates of E.
coli BL21 (DE3) plysS cells, we observed the induction
of the putative rGmDHN1 gene product with an ap-
parent molecular mass of approximately 27 to 28 kD
(Fig. 1A). The apparent molecular mass of the ex-
pressed protein was 4 to 5 kD larger than the pre-
dicted molecular mass of 23.7 kD, consistent with the
previous observations of aberrant electrophoretic
mobility of dehydrins (Close et al., 1989; Ceccardi et
al., 1994). Maximum accumulation of rGmDHN1 oc-
curred 240 min (OD600 � 1.5) after IPTG induction.
Growth rates of noninduced E. coli cells and cells
induced for rGmDHN1 overexpression showed simi-
lar growth rates, suggesting that GmDHN1 accumu-
lation was not detrimental to cell growth (data not
shown).

Initial purification of rGmDHN1 took advantage of
the unique property of rGmDHN1 solubility follow-
ing exposure to high temperatures. Subsequent puri-
fication steps included preparative isoelectric focus-
ing (IEF) in the pH 5.5 to 7.0 range consistent with the
calculated pI of rGmDHN1 (6.08), followed by anion-
exchange chromatography, which was necessary to
achieve a high degree of purification (Fig. 1B). To
determine whether rGmDHN1 structure was altered
by heat denaturation, rGmDHN1 protein was also
purified without boiling. Precipitation at 40% (w/v)
(NH4)2SO4 was substituted for heat and was used as
the initial purification step. Preparative IEF and
anion-exchange column chromatography steps fol-
lowed; however, it was necessary to include an ad-
ditional cation-exchange column chromatography
step to achieve homogeneity (Fig. 1C). Recombinant
proteins purified using heat or (NH4)2SO4 showed
identical electrophoretic mobility after analysis by

native or denaturing SDS-PAGE (data not shown).
The identity of the proteins purified by either strat-
egy was confirmed by matrix-assisted laser-de-
sorption ionization time of flight mass spectrometry
(MS; data not shown). The observed molecular mass
for rGmDHN1 was 23.578 kD, which is nearly iden-
tical to the predicted molecular mass 23.583 kD
(without N-terminal f-Met).

Microenvironment of rGmDHN1 Tyr Residues:
Temperature Effects

rGmDHN1 has 18 Tyr and no Trp residues. There-
fore, the near-UV absorption spectrum of rGmDHN1
is dominated by the absorption of the Tyr residues. In
the near UV, the absorption spectrum of rGmDHN1
shows a maximum at 275 nm (Fig. 2A) that is char-
acteristic of the absorption by Tyr and confirms the
absence of Trp. The absorption spectrum of a tyrosyl
residue is sensitive to the polarity of its environment,
and therefore the intensity and shape of the absorp-
tion band can be used to determine the degree of
hydration of Tyr. The spectral features affected by
the hydration are conveniently monitored by the sec-
ond derivative spectra rather than the zero order
spectra (Ragone et al., 1984; Demchenko, 1986; Sou-
lages and Bendavid, 1998; Soulages et al., 2002). The
second derivative spectra of rGmDHN1 as a function
of temperature are shown in the Figure 2B. The spec-
tral changes that occur when the temperature is in-
creased from 14°C to 80°C indicate that the protein
becomes more hydrated as the temperature is in-
creased. This increase suggests that heating promotes
a structural transition involving an unfolding pro-
cess. In addition to the changes in the shape and
intensity of the second derivative spectra, another
important feature observed in this study is the pres-
ence of several crossover points (identical second
derivative points). The fact that these crossover
points remain unchanged over the entire range of
temperatures studied indicates that there is equilib-
rium between two conformational states. Using the
values of the derivative at 279 and 283 nm, it is
observed that between 14°C and 80°C, there is a
continuous change in the shape and intensity of the
Tyr absorption (Fig. 2C). However, because the spec-
tral changes do not reach a plateau at either the low-
or the high-temperature ends of the curve, it is not
possible for us to estimate the limiting values corre-
sponding to the each of the two involved states.
Thus, although the change in the second derivative is
proportional to the population of the states, we are
not able to estimate the relative change in the popu-
lation of the conformational states. Despite this lim-
itation, the absence of plateaus indicates that within
the temperature range studied, none of the two states
become fully populated. This fact, as well as the slope
of the plot in Figure 2C, indicates that the cooperat-
ivity of the conformational transition observed by
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UV absorption is low. It must be noted that given the
large number of Tyr residues the UV absorption
study is sampling most of the polypeptide chain.

Thermal Stability of rGmDHN1

DSC was used to investigate further the presence
of potential cooperative structural transitions of
rGmDHN1. The DSC scans in Figure 3A show a
typical denaturation pattern of a heat-labile protein.
BSA undergoes an irreversible thermal denaturation
around 78°C as indicated by a high-temperature peak
in the first scan and its disappearance in the second
(Leprince and Vertucci, 1995). In contrast, DSC scans
of rGmDHN1, purified with or without boiling treat-
ment, showed no detectable high-temperature peak
up to 100°C (Fig. 3B). These results are consistent
with the UV absorption studies, which suggested
rGmDHN1 to be highly hydrated and to lack highly
cooperative folding transitions.

Secondary Structure of rGmDHN1:
Effect of Temperature

Earlier investigations of a dehydrin-like protein
(Dsp16) from the resurrection plant C. plantagineum
showed that this protein underwent temperature-
and denaturant-dependent structural transitions as
determined by CD spectroscopy (Lisse et al., 1996).
To investigate possible temperature-dependent
changes in the structural properties of rGmDHN1,
the secondary structure of rGmDHN1 in solution
was investigated using CD spectroscopy. The far-UV
CD spectra of rGmDHN1 at several temperatures are
shown in the Figure 4A. At any one of the tempera-
tures studied, the CD spectrum of rGmDHN1 shows
a strong negative band at 197 nm, which is typically
found in highly unfolded proteins or unordered
structures (Woody, 1992). Therefore, the common
spectral deconvolution analyses, which are based on
data sets of proteins rich in �-helical or �-sheet,

Figure 1. Expression and purification of a
soybean group 2 LEA protein from E. coli. A,
rGmDHN1 accumulation at different times after
isopropylthio-�-galactoside (IPTG) induction.
Protein overexpression was induced with 0.1
mM IPTG when the optical density (OD600)
reached 0.8. Cells were collected at various
time points, and soluble proteins were ex-
tracted. Con, No IPTG; 1, induction point, 120
min; 2, 135 min; 3, 150 min; 4, 180 min; 5, 210
min; 6, 240 min; 7, 270 min; 8, 300 min; and 9,
360 min. Approximately 10 �g of protein was
loaded in each lane. B, Composite purification
steps of rGmDHN1 treated with boiling. Ap-
proximate amount of protein loaded in each
lane is indicated in parentheses. TL, Total lysate
(10 �g); BT, boiling treated (5 �g); IF, IEF (2 �g);
HQ, high Q (1.5 �g). C, Composite purification
steps of rGmDHN1 without boiling. TL, Total
lysate (10 �g); SO, 40% (w/v) (NH4)2SO4

salting-out (10 �g); IF, IEF (2 �g); HQ, high Q (2
�g); HS, high S (1.5 �g). Arrows designates lo-
cation of rGmDHN1 on gel. The relative mass of
prestained molecular mass standards is desig-
nated in kilodaltons.
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cannot be applied to estimate the structural compo-
sition of a predominantly unordered protein (Bien-
kiewicz et al., 2000), such as rGmDHN1.

Despite the apparent unordered conformation of
the rGmDHN1, increasing the temperature produced
a gradual increase in the dichroic negative band cen-
tered between 210 and 230 nm and a concomitant
decrease in the intensity of the negative band cen-
tered at 197 nm (Fig. 4, A and B). The observed
decrease in intensity of the dichroic band at 197 nm
and the increase in intensity of the band near 220 nm
prompted us to consider the possibility of a
temperature-induced folding process rather than un-
folding. However, the fact that, as shown by UV
absorption, the hydration of the protein increases as
the temperature is raised indicated that the increase
in temperature was actually driving an unfolding
process. Besides the changes in the two negative
bands discussed above, it is also evident that at 208
nm and �1.85 m�1cm�1, there is an isodichroic point
(Fig. 4, A and B). This point is maintained in the
temperature range studied, 12°C to 80°C, suggesting
the presence of an equilibrium between two confor-
mational states. This observation is consistent with
the isosbestic points observed by UV absorption and
provides further support for the existence of a two-
state equilibrium.

Evidence of an Extended Helix Conformation

The CD difference spectrum (�12°C–80°C) of
rGmDHN1 was determined as shown in Figure 5.
This difference spectrum is characterized by an in-
tense negative CD-band centered at 200 nm and a
positive CD band above 200 nm. The positive band
indicates that the contribution of �-helical structures
to the CD spectrum is absent or very low. Otherwise,
we should expect a decrease in �-helical content as
the temperature increases and a negative CD band
above 200 nm in the difference spectrum. Interest-
ingly, these two features observed in the difference
spectrum are present in the CD spectra of peptides
rich in poly (l-Pro)-type II (PII) structures (Woody,
1992; Park et al., 1997; Fox et al., 1999; Bienkiewicz
et al., 2000; Soulages et al., 2002). This similarity
suggested that the spectral changes observed in
rGmDHN1 could be due to a temperature-induced
extended helix/unordered transition. The difference
spectrum shows a maximum at 215 nm, which is
coincident with the maximum observed in Pro-poor
peptides adopting PII-like conformations. Additional

Figure 2. UV absorption spectroscopy of rGmDHN1. A, UV absorp-
tion spectrum of rGmDHN1 in 50 mM phosphate buffer, pH 7.
B, Effect of temperature on the second derivative spectrum of
rGmDHN1. The spectra shown, reading downward at 283 nm, rep-
resent decreasing temperatures from 14°C to 80°C. The temperatures
are indicated in the figure. C, The temperature-induced changes are
represented using the difference between the derivative values at 279
and 283 nm: �(279–283) [�2�/��2].
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support for this conformation arises from the coor-
dinates of the isodichroic point observed in Figure 4,
A and B (at 208 nm and �1.85 m�1cm�1). These
coordinates are coincident with the coordinates
observed in model polypeptides and proteins that
undergo PII/unordered transitions (Tiffany and
Krimm, 1968; Tiffany, 1975; Woody, 1992; Siligardi
and Drake, 1995; Park et al., 1997; Fox et al., 1999;
Bienkiewicz et al., 2000; Soulages et al., 2002).

Park et al. (1997) have investigated a series of host/
guest peptides and suggested limiting values of el-
lipticity for the PII and the unordered structures of
�9,580 and �5,560° cm2 dmol�1 at 220 nm. Using
these suggested values we can estimate the fractions
of unfolded and PII conformations in rGmDHN1 at
different temperatures. To perform this calculation,
we also assumed that the �-helical content of the
protein was nearly zero at high and low tempera-
tures. This assumption appears to be well supported
by the maintenance of the isodichroic point along the
entire temperature range studied. If this transition
would involve three states, unordered, �-helical, and

PII, one should not expect the maintenance of the
isodichroic point. Using these limiting values, and
the ellipticity of rGmDHN1 at pH 7.0 and 12°C, we
inferred that this protein contains 27% of its residues
in an extended-helix conformation. This fraction is
reduced to 15% at 80°C.

Effect of �-Helix Inducing Cosolvents and Lipids on
rGmDHN1 Secondary Structure

The LEA-like COR15am protein from Arabidopsis
has been postulated to interact in vivo and alter the
intrinsic curvature of the monolayers that compose
the inner membrane of the chloroplast envelope
(Steponkus et al., 1998). This alteration is thought to
decrease its propensity to undergo lamellar-to-
hexagonal II phase transitions during freeze-induced
dehydration at low temperatures (�5°C to �8°C),
thereby reducing membrane leakage within the chlo-
roplast envelope. Because the COR15am protein is
predicted to be composed largely of amphipathic
�-helices, this interaction is thought to be mediated

Figure 3. Heating thermograms of bovine serum
albumin (BSA) and rGmDHN1 using DSC. DSC
heat scans of BSA (A) and rGmDHN1 (B) with
(green) and without (blue) boiling treatment (BT)
were performed at 10°C min�1 from 0°C to
100°C. Plots of each scan were offset slightly for
clarity. HTP, High-temperature peak.
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by amphipathic �-helices that can have a strong ef-
fect on the intrinsic curvature of such monolayers. To
investigate the potential for rGmDHN1 to mediate
protection against freezing damage using a similar
mechanism, we studied the tendency of rGmDHN1
to adopt �-helical conformations through the addi-
tion of the helix-promoting cosolvent TFE. The CD
spectra of rGmDHN1 at several concentrations of
TFE are shown in the Figure 6A. TFE induced the
formation of �-helix in rGmDHN1. This is evident at
40% and 60% (v/v) TFE. For clarity, we have in-
cluded the difference spectrum of rGmDHN1 (spec-
trum in the presence of 60% [v/v] TFE minus spec-
trum in 50 mm phosphate buffer at pH 7.0) in Figure
6A. From the difference spectrum or from the ellip-
ticity at 220 nm, it was estimated that at 60% (v/v)
TFE rGmDHN1 contains 14.8% of �-helical structure.
This was estimated by the method of Chen et al.
(1972). Given the limited fraction of �-helical struc-
ture observed at a relatively high concentration of
TFE, it can be concluded that GmDHN1 has a very
low intrinsic tendency to adopt �-helical conforma-
tions in solution.

Previous studies have suggested that closely re-
lated dehydrins in vivo might contain K-segment
�-helical structures in a lipid-bound state (Close,
1996; Ismail et al., 1999a). To investigate the potential
interaction of rGmDHN1 with lipid membranes, we
acquired the CD spectra of the protein in the pres-
ence of liposomes of dimyristoyl phosphatidylcho-
line (DMPC) and in the presence of dimyristoyl phos-
phatidylglycerol (DMPG). None of these lipids
promoted a change in the CD spectrum of rGmDHN1
(Fig. 6B), suggesting that no lipid-protein interaction
takes place in solution or, otherwise, that the interac-
tion does not occur through amphipathic �-helices. It
must be noted that we studied the interaction with
zwitterionic and anionic liposomes at the temperature
of the lipid thermotropic transition of the lipids
(23.9°C for DMPC and 23.4°C for DMPG). Under these
conditions, the interaction of amphipathic �-helical
proteins and peptides with the lipid membrane is
highly favored (Swaney and Chang, 1972; Soulages et
al., 2001). To directly compare our studies with those
carried out with a group 2 LEA protein from cowpea

(Ismail et al., 1999a), we also determined the effect of
SDS in the conformation of rGmDHN1. The results of
this study are shown in Figure 6C and indicate that
SDS promotes the formation of �-helical structure.
Analysis of the spectrum in the presence of SDS by the
method of Chen et al. (1972) indicates that rGmDHN1
acquires a maximum of 7.4% of �-helical content. In-
creasing the concentration of SDS from 1% to 4% did
not modify further the structure of the protein. Be-
cause SDS does not adopt a bilayer structure, its use as
a means to investigate the potential interaction be-
tween the protein and cell membranes may not be as
relevant as the use of liposomes. However, as with
TFE, SDS provides a means to test the intrinsic ability
of the protein to adopt �-helical structure. The results
obtained with SDS and TFE confirm that the primary
structure of rGmDHN1 imposes strong restrictions to
the formation of �-helices in solution. This is sup-
ported by the fact that this protein contains nearly 25%

Figure 4. Effect of temperature on the secondary
structure of rGmDHN1. A, Near-UV CD spectra
of rGmDHN1 obtained in buffer sodium phos-
phate at pH 7 at the temperatures indicated in
the figure. The spectra shown, reading upward
at 197 nm, represent increasing temperatures:
12, 20, 30, 40, 50, 60, 70, and 80°C. B, The
temperature-induced changes in the CD spec-
trum of rGmDHN1 are represented using the
difference between the CD intensities at 220
and 197 nm. The CD intensity at 208 nm is also
represented to illustrate the presence of the
isodichroic point.

Figure 5. Evidence of PII structure. The CD component that disap-
pears upon heating is illustrated in the graph by the CD difference
spectrum obtained by subtracting the CD spectrum obtained at 80°C
from the CD spectrum obtained at 12°C.
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of residues characterized by their inability to adopt
�-helical conformations (50 Gly residues and four Pro
residues).

DISCUSSION

Previous in vivo functional studies of a group 2
LEA protein from tomato (le4) have shown that this
protein can ameliorate the detrimental effects of ionic
(KCl) or freezing stress, but not NaCl or osmotic
(sorbitol) stress in yeast cells (Zhang et al., 2000).
Despite these observations, the mechanisms by
which this protein acts to afford such protection re-
main largely unknown. Possible clues to the func-
tional roles of group 2 LEA proteins can also be
gathered from detailed in vitro biochemical, physio-
chemical, and structural analyses. To gain a better
understanding of the potential mechanistic basis of
group 2 LEA protein function, we have conducted
detailed structural analysis of a recombinant Y2K
type soybean LEA protein. To conduct such studies,
we purified large amounts of this protein from E. coli
by taking advantage of its heat stability properties. A
simple heat denaturation of crude E. coli lysates re-
sulted in a significant enrichment in protein purifi-
cation. Preparative IEF and ion-exchange chromatog-
raphy steps followed this initial heating step to attain
homogeneous preparations of the recombinant pro-
tein (Fig. 1).

Potential Physiological Roles of PII Structures

The studies of the structure of rGmDHN1 showed
that the protein has a predominantly unordered con-
formation in solution. However, the examination of
the UV absorption and CD spectral properties of the
purified protein over a range of temperatures clearly
showed the existence of a temperature-dependent
structural transition. Analysis of the second-
derivative UV absorption spectrum for rGmDHN1

Figure 6. Effect of �-helix-inducing cosolvents and lipids on the
secondary structure of rGmDHN1. A, Effect of increasing concentra-
tions of TFE on the near-UV CD spectrum of rGmDHN1. The con-
centrations of TFE corresponding to individual spectra are indicated
in the figure. Inset, Difference spectrum calculated as the difference
between the spectrum of rGmDHN1 in 60% (v/v) TFE minus the
spectrum of the protein in 0% (v/v) TFE. B, CD spectra of rGmDHN1
(3 �M) incubated with multilamellar liposomes of DMPC or DMPG at
a 400 to 1 lipid to protein molar ratio. The spectra of rGmDHN1
shown were obtained after a 2-h incubation period at the tempera-
tures of the corresponding thermotropic transitions of the lipids
(DMPC, 24°C; DMPG, 23.4°C). C, CD spectra of rGmDHN1 (3 �M)
in the presence of SDS micelles. The concentrations of SDS in grams
per 100 mL are indicated in the figure. The data shown in all the
panels were obtained in 50 mM sodium-phosphate buffer pH 7.4. CD
spectra were acquired at 25°C.

Soulages et al.

970 Plant Physiol. Vol. 131, 2003



suggested that its Tyr residues become more hy-
drated at higher temperature, and the presence of
isosbestic points along the entire temperature range
studied, 14°C to 80°C, indicated that the
temperature-dependent changes in hydration of the
Tyr residues were due to a structural transition in-
volving two states (Fig. 2). The structural change
detected by UV absorption did not reach a plateau at
either the high- or low-temperature ends of the
curve, indicating that the structural transition is char-
acterized by a very low cooperativity. Moreover, the
study of the thermal behavior of rGmDHN1 by DSC
showed no sharp endothermic peaks, from 10°C to
100°C, indicating the absence of a highly cooperative
unfolding transition (Fig. 3). This result was indepen-
dent of whether the protein was purified by heat
denaturation or (NH4)2SO4 precipitation.

The study of the temperature dependence of the
CD spectrum of GmDHN1 confirmed the conclusions
reached in the UV absorption study. The changes
observed in the CD spectrum of rGmDHN1 indicated
that the presence of a structural transition character-
ized by a low cooperatively (Fig. 4). The CD study
also showed that the temperature-dependent spectral
changes were consistent with a structural transition
involving two conformational states. Because only
two states were apparently involved in the
temperature-induced transition, the difference spec-
trum between a low and a high temperature pro-
vided the spectrum of the component that disap-
peared upon heating. Using this approach it was
found that in aqueous solution, rGmDHN1 was
present as an equilibrium mixture between PII and
truly unordered conformations. The identification of
the PII structure was based on the comparison of the
difference spectra of rGmDHN1 with the CD data
reported for other proteins and polypeptides for
which a PII structure has been inferred (Woody,
1992; Park et al., 1997; Bienkiewicz et al., 2000).

Intrinsically unstructured proteins, such as hy-
drophilins and group 1 and 2 LEA proteins, partici-
pate in many cellular functions (Wright and Dyson,
1999). Among such proteins, the left-handed PII
helical conformation is a common and important
structural component. This structure plays a role in
several biochemical processes including signal trans-
duction, transcription, cell motility, and the immune
response (Creamer, 1998; Stapley and Creamer,
1999). PII helices are major features of collagens
(Pauling and Corey, 1951) and plant cell wall pro-
teins (Ferris et al., 2001). PII structures are also found
in the antifreeze glycoproteins of polar fish (Lane et
al., 1998, 2000). Antifreeze glycoproteins are known
to prevent ice crystal formation by promoting coop-
erative hydrogen bonding with water over its length
(Yeh and Feeney, 1996). It has been estimated that 2%
of all residues in known protein structures are found
in PII helices at least four residues long (Adzhubei

and Sternberg, 1993; Stapley and Creamer, 1999). The
fraction of residues in PII conformation would be
even higher (approximately 10%) if the conformation
of individual residues were evaluated (Sreerama and
Woody, 1994).

We have recently shown that a group 1 LEA pro-
tein from soybean (GmD-19) contains a significant
proportion of PII structure at room temperature
(Soulages et al., 2002). Previous hydrodynamic, CD
and NMR spectroscopy studies showed that group 2
LEA proteins possess little apparent defined second-
ary structure (Ceccardi et al., 1994; Lisse et al., 1996;
Ismail et al., 1999). Far-UV CD analysis of a purified
42-kD maize dehydrin estimated a 75% unordered
and 15% �-helical content (Ceccardi et al., 1994).
Similar results were obtained for a 35-kD dehydrin
from cowpea (Ismail et al., 1999a) and a recombinant
Dsp16 derived from the resurrection plant C. plantag-
ineum (Lisse et al., 1996). With the exception of our
recent report (Soulages et al., 2001), PII structures
have not been identified as important structural ele-
ments of LEA proteins. However, the overall similar-
ity among the physical properties of many hydrophi-
lins suggests that PII structures may be a common
structural feature of not only group 1 and 2 LEA
proteins, but also other hydrophilic, Gly-rich pro-
teins belonging to the hydrophilin superfamily of
proteins.

Large regions of unordered conformation are con-
sidered to promote the efficient interaction of group
1 LEA proteins with water and to aid in their ability
to prevent cellular water loss (McCubbin et al., 1985;
Eom et al., 1996). Because PII helices also have a large
solvent-exposed area, the extent of the polypeptide-
water interaction would not be expected to change
drastically as the protein undergoes a transition from
a truly unordered conformation to a poly(Pro) II
helix. Even though the biochemical roles of PII struc-
tures have not been firmly established in plants, the
fact that decreasing the temperature induces an in-
crease in the structural organization of the protein
without compromising the interaction of the protein
with the solvent suggests a role for LEA proteins in
preserving the cellular integrity under stress condi-
tions that could affect the content of cellular water or
its physical state. Although the content of PII struc-
ture increases significantly as the temperature de-
creases (Fig. 5), there is no increase in the apparent
content of �-helical or �-structures, which would
decrease the number of potential interactions be-
tween the solvent and the protein backbone. Com-
pared with an unordered structure, the �-helical or
�-sheet structures represent a dramatic decrease in
the number of H-bond interactions between the sol-
vent and the polypeptide backbone. However, the
extended helical conformation of the PII structure of
the protein backbone also remains available for in-
teraction with the solvent.
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rGmDHN1 �-Helical Conformation and Lipid
Membrane Interaction

The majority of group 2 LEA proteins are predicted
to contain amphipathic �-helix along K-segments
(Dure et al., 1989; Dure, 1993; Close, 1997). Amphi-
pathic �-helical structures of LEA proteins are
thought to interact with and to protect membranes or
partially denatured proteins. As indirect evidence for
such hydrophobic interaction, a dehydrin-like pro-
tein, COR15am, has been shown to alter the intrinsic
curvature of the inner membrane of the chloroplast
envelope (Steponkus et al., 1998). However, direct
evidence for the formation of such hydrophobic in-
teractions involving group 2 LEA has not been ob-
tained. GmDHN1 from soybean has one K-segment
(13 residues long) near the C-terminal of the
polypeptide chain. From the CD spectrum in aque-
ous solution, we inferred that rGmDHN1 does not
contain �-helical regions. Assuming that the
K-segment of rGmDHN1 would adopt an �-helical
conformation, we should have estimated an �-helical
content close to 6.2%. On the other hand, confirming
that rGmDHN1 has a limited ability to adopt
�-helical conformations, it was observed that in the
presence of TFE and SDS, the protein contains 15%
and 7% of �-helical structure, respectively (Fig. 6, A
and C). If adopted under physiological conditions,
this small fraction of �-helix is unlikely to be ade-
quate to promote membrane interactions. The incu-
bation of rGmDHN1 with an excess of liposomes
made with two different phospholipids, one zwitte-
rionic and the other negatively charged, did not in-
duce the formation of �-helix that is expected to
occur in unordered peptides that interact with mem-
branes through amphipathic �-helices (Fig. 6B).
Therefore, we have found little evidence to suggest
that rGmDHN1 can interact with cell membranes
through lipid-protein interactions in solution.

Despite these observations, it remains possible that
under conditions of increasing ionic content or dehy-
dration, the formation of amphipathic �-helices with
GmDHN1 may still play a physiological role in vivo.
Solution ionic strength has been shown to reversibly
influence the structure of pea (Pisum sativum) group
1 LEA protein (Russouw et al., 1995, 1997). For the
group 2 LEA-like Dsp16 protein from C. plantag-
ineum, increasing the NaCl concentration from 0.1 to
2 m resulted in an increase in �-helical content from
6% to 15% (Lisse et al., 1996). Increasing ionic and
Suc content within the cytoplasm would be expected
to accompany the dehydration process during em-
bryo desiccation. Furthermore, recent studies of a
group 3 (D-7) LEA-like protein from cattail (Typha
latifolia) pollen show that this protein assumes an
entirely unordered conformation in solution, but
upon drying, the protein assumes a largely �-helical
structure as measured by Fourier transform infrared
spectroscopy (Wolkers et al., 2001). The extent of
�-helical content (and extended �-sheet structures)

was dependent upon the rate of drying and the pres-
ence of Suc. These results suggest that LEA protein
structure can be strongly influenced by their imme-
diate environment. Although group 1 and 2 LEA
proteins have a much lower predicted �-helical con-
tent than group 3 LEA proteins, increases in �-helical
content arising from changes in ion or sugar concen-
trations or hydration status could contribute to func-
tional interactions with other biomolecules. �-Helical
structures were found to compose approximately
40% of the overall protein secondary structures in
dry cattail pollen (Wolkers and Hoekstra, 1995). Sim-
ilar �-helical contributions to overall protein second-
ary structure have also been observed in maize em-
bryos (Wolkers et al., 1998a) and carrot (Daucus
carota) somatic embryos (Wolkers et al., 1998b) con-
sistent with earlier predictions of a functional contri-
bution of �-helical conformations by several LEA
proteins (Dure et al., 1989; Dure, 1993). However,
such studies cannot reveal the contribution made to
the overall structural conformation content by a spe-
cific group of LEA proteins. The extended PII helical
and unordered conformations of GmDHN1 may al-
ternatively retain a high degree of exposed surface
area and make a significant contribution to water-
peptide interactions as postulated for group 1 LEA
proteins (Soulages et al., 2002). Efficient interactions
with water predict the ability to slow water loss
during dehydration. During embryo or pollen desic-
cation and in the dry state, group 2 LEA proteins
might also play a role in the formation of tightly
hydrogen-bonded networks, in concert with carbo-
hydrates, to provide stability to macromolecular
structures through the inhibition of cellular mem-
brane fusion and the denaturation of cytoplasmic
proteins, and to limit the diffusion of free radicals
(Oliver et al., 2001; Wolkers et al., 2001).

In conclusion, we suggest that GmDHN1 can inter-
act efficiently with water due to its hydrophilicity
and its ability to adopt extended helical conformation
and unordered structures at very low temperatures.
Future in vitro biochemical and physicochemical
analyses, including examination of the protective and
hydration properties of purified, rGmDHN1, and
overexpression studies in vivo are under way
and should provide important clues about the func-
tional roles that group 2 LEA proteins play in com-
bating macromolecular destabilization due to
temperature- and dehydration-related stresses.

MATERIALS AND METHODS

Cloning and Expression of Soybean (Glycine max)
Group 2 LEA

The soybean group 2 (GmDhn1) LEA cDNA coding region (684 bp;
GenBank accession no. U10111 and AAA18834.1; N. Maitra and J.C. Cush-
man, unpublished data) was amplified using ULTma DNA polymerase
(Promega, Madison, WI) and gene-specific primers containing NcoI (5�-
CATGCCATGGCAAGTTATCAAAAGC-3�) or EcoRI (5�-CGGAATTCCTA-
CTTGTCACTGTGTC-3�) restriction sites. The amplified fragment was di-
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gested with NcoI/EcoRI and ligated into the NcoI/EcoRI sites of the pET30a
Escherichia coli expression vector (Novagen, Madison, WI). His- and S-tag
sequences (157 bp) were then removed from the cloning vector by inverse
PCR using Pfu polymerase (Invitrogen, Carlsbad, CA) and outward facing
primers (5�-GGCGCGCCCTCCTTCTTAAAGTTAAACAA-3�; 5�-GGCGC-
GCCATGGCAAGTTATCAAAAGCA-3�) containing AscII restriction sites.
The amplification product was digested with AscII and religated with T4
ligase. The integrity of the cloned insert was confirmed by automated DNA
sequencing. The resulting pET30a::Dhn1 construct was introduced into E.
coli BL21 (DE3) plysS cells and grown in 2� yeast-tryptone medium under
kanamycin selection (50 �g mL�1) at 37°C with vigorous agitation (300
rpm). Recombinant GmDHN1 protein expression was induced by adding
IPTG to a final concentration of 0.1 mm when cells reached an OD600 of 0.8.
Cells were harvested when the culture reached an OD600 of 1.5. Expression
of the recombinant protein (rGmDHN1) was confirmed by 12% (w/v)
SDS-PAGE and Coomassie Brilliant Blue staining. Upon request, all novel
materials described in this publication will be made available in a timely
manner for noncommercial research purposes.

Purification of rGmDHN1 from E. coli

Bacterial cells were harvested by centrifugation at 5,000g and resus-
pended in B-PER Bacterial Extraction buffer (Pierce, Rockford, IL) in the
presence of Complete Mini protease inhibitor cocktail (Roche Diagnostics,
Indianapolis). The soluble cell lysate extract was sonicated to reduce vis-
cosity, heated-denatured in boiling water for 10 min., and clarified by
centrifugation at 26,500g for 20 min. The clarified supernatant was concen-
trated using a Centricon Plus-80, Mr cut off 5,000 polycarbonate centrifugal
filter (Amicon, Beverly, MA) and dialyzed overnight against 10 mm Tris-
HCl, pH 7.5, using dialysis membrane tubing (SnakeSkin Mr cut off 3,000,
Pierce). The dialyzed extracts were subjected to preparative IEF in the
presence of ampholytes (2% [v/v], pH range 5–7; Bio-Rad Laboratories,
Hercules, CA) using a Rotofor Cell (Bio-Rad Laboratories) at 15-W constant
power for 4 h. Fractions were surveyed by 12% (w/v) SDS-PAGE, and
fractions containing rGmDHN1 protein were pooled and stored at �20°C.

Further purification of the pooled IEF fractions was conducted using
anionic exchange column chromatography on an High-Q column (Bio-Rad
Laboratories) in 10 mm Tris-HCl, pH 7.5, eluted by a 0 to 250 mm NaCl
gradient at 1 mL min�1 flow rate. Collected fractions (2 mL) were analyzed
by SDS-PAGE, pooled, and stored as the final purified proteins. rGmDHN1
was alternatively purified without heat denaturation by 40% (w/v) ammo-
nium sulfate precipitation. Pellets were resuspended with 10 mm Tris-HCl,
pH 7.5, and desalted using a Centricon Plus-80, Mr cut off 5,000 polycar-
bonate centrifugal filter (Amicon) and dialyzed extensively (SnakeSkin Mr

cut off 7000) before preparative IEF and anion-exchange column chroma-
tography. Cation exchange column chromatography using a High-S column
(Bio-Rad Laboratories) equilibrated with 10 mm sodium-acetate, pH 4.8, was
used as a final purification step. Recombinant GmDHN1 was eluted using a
0 to 500 mm NaCl gradient at 1 mL min�1 flow rate, and fractions containing
the purified protein were pooled and desalted by dialysis as described
above.

MS

Molecular mass determination of rGmDHN1 was performed by matrix-
assisted laser-desorption ionization time of flight MS (Proflex, Bruker,
Karlsruhe, Germany) using sinapinic acid as a matrix. Samples were pre-
pared using a ZipTipC18 reverse phase column (Millipore, Bedford, MA)
following manufacturer’s instructions. After desalting, samples were dis-
solved in 50% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic acid and then
dried by gentle heating before MS analysis. Cytochrome C (molecular mass,
12,384 D) was used as a calibration standard.

DSC and Thermal Analysis

Three milligrams of lyophilized protein powder was loaded on a DSC
volatile samples pan and hydrated under 80% (v/v) relative humidity
controlled by saturated KNO3 at room temperature. Thermal events were
measured from 0°C to 100°C at a rate of 10°C min�1 using a differential

scanning calorimeter (DSC-4 and DSC-7, PerkinElmer Instruments, Nor-
walk, CT) calibrated for temperature using methylene chloride (�95°C) and
indium (156°C) standards and for energy with indium (28.54 J g�1) as
previously described (Leprince and Vertucci, 1995). Helium gas was used
for purging at a rate of 20 mL min�1. To standardize the dry mass of each
sample, heat flow in every DSC scan was divided by the sample dry weight.

UV Absorption Spectroscopy

UV absorption spectra were recorded with an HP 8453 diode array
spectrophotometer (Hewlett Packard, St. Paul). The concentration of
rGmDHN1 was calculated from the absorbance of the samples at 280 nm in
the presence of 6 m guanidinium-HCl (�Tyr � 1,285 cm�1 m�1; Pace et al.,
1995). Second derivatives were calculated by the Savitzky-Golay differenti-
ation technique using a filtering length of 9. The temperature dependence of
the difference between the second derivatives at 283 and 279 nm was
determined in 50 mm phosphate buffer solutions. The sample temperature
was modified and controlled by a Peltier temperature-controlled cell holder.

CD Analysis

CD spectra were acquired with a CD-spectropolarimeter (model J715,
Jasco, Easton, MD) using a 0.1-cm-path-length cell over the 184- to 260-nm
range. The temperature was controlled by a circulating water bath (model
RTE 111, Neslab, Newington, NH) and determined directly into the cell
using a thermocouple. CD spectra were acquired every 1 nm with 2 s
averaging time per point and a 1-nm band pass. Quadruplicate average
spectra were corrected for the blank and smoothed.
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